Abstract-A simplified method to calculate the band bending and subband energies is employed to investigate quantum mechanical effects (QME's) in MOS structure inversion layer. The subband structure and the two-dimensional (2-D) density-of-states in semi-classical and quantum mechanical cases are then calculated. The well-known band-gap widening model is analyzed through a density-of-states point of view and a new scheme to analysis and modeling QME's in MOS inversion layer is proposed.
I. INTRODUCTION
The two-dimensional (2-D) nature of inversion layer carrier in MOS structure is well known [1] , [2] and quantum mechanical effects (QME's) on MOS structure behavior are extensively studied [3] , [4] . Rigorous study of QME's requires solving Schrodinger and Poisson equations self-consistently [1] , [5] and it is very time-consuming. So it is important to develop simple and convenient model to predict QME's on MOSFET's characteristics [1] , [6] - [8] . However, all these models fail to give the whole subbands structure and carrier occupation information and thus have limited usage. Among those simple model the semiempirical band-gap widening model [6] is the most recognized one [7] - [9] . But the accuracy of this model in subthreshold region is debated in [4] .
In this work, a simplified reversed iteration method is employed to determine the band bending and subband energies in MOS structure inversion layer. Based on the method, subband structure together with the semiclassical and quantum mechanical 2-D density-of-states are calculated and compared. The band-gap-widening model proposed in [6] is then analyzed through a density-of-states point of view. QME's in MOS inversion layer are divided into two aspects: band gap widening effect and 2-D density-of-states changing effect, which provides a new scheme for QME's modeling.
II. ITERATION METHOD
In this section, the new iteration method based on the concept of surface layer effective density-of-states (SLEDOS) [4] is briefly presented.
In quantized inversion layer, the total sheet electron concentration is [4] : 
in which E eff is effective electric field and given by
where N d = p 2qN sub " 0 " si s is depletion charge sheet density, s is the surface potential at the strong inversion point (adopted as twice of the body Fermi potential). is 1/2 in the present work.
In the iteration procedure, gate voltage is given as the starting point. The inversion layer carrier density is initialized by N s = C ox (V gate 0 V T )=q (6) where C ox = (" 0 " s =t ox ) is the gate oxide capacitance, and the threshold voltage is given by VT = 2F + Cox 1 qN d in which F = (K B T =q) ln(N sub =n i ) is the body Fermi potential. Then the surface layer effective density of states N cqm is derived by (2) and from (3) the surface potential is given by s = kBT (0E f + ln(Ns=Ncqm))=q (7) and then
Thus one loop of iteration is implemented. Several more iterations are needed to achieve reasonable accuracy. Usually, four or five iterations is sufficient to reach a relative error of less than 0.5% in carrier sheet density. It is straightforward to propose the concept of SLEDOS and the iteration procedure in semiclassical treatment.
III. 2-D DENSITY-OF-STATES ANALYSIS OF QUANTIZED INVERSION LAYER
Based on the iteration method presented in Section II, The 2-D density-of-states are calculated and compared for semi-classical and quantum mechanical approach. Then the popular view point of combining band gap widening and carrier concentration peak repulsing as two main aspects of QME's in modeling issues [6] - [9] is evaluated by the analysis of 2-D density-of-states.
In quantized inversion layer the carriers are of 2-D nature in that they occupy a series of 2-D subbands. The bottom of each subband corresponds to a discrete energy level. The density-of-states of each subband is constant [1] . Thus the 2-D density-of-states of the whole bands in 0018-9383/00$10.00 © 2000 IEEE quantized inversion layer is a step-like function. In each subband, the density-of-states is constants given by [1] Di(E) = g i m dei h 2 (9) in which, gi is the degeneracy factor for the ith ladder (g1 = 
where E C (z) is conduction band edge at z and given by E C (z) = E C + q( s 0 (z)) (11) and E() is transverse electric field in MOS inversion layer at the point where the potential is [11] . Once the integral variable is changed to potential, the integral limits are simply determined by: (z0) = s 0 (E 0 E C )=q: Fig. 1 shows the 2-D density-of-states both in semiclassical and in quantum mechanical theories. Fig. 1(a) is for the results at the threshold voltage and Fig. 1(b) is for the results when the gate voltage is 1 V above the threshold. As can be seen in Fig. 1 , the semiclassical density-of-states is starting from E 0 E C = 0; and increasing continuously. But the quantum mechanical one is step-like due to the quantization of carrier energy and the constant value of density-of-states in each subband. The quantum mechanical density-of-states is systematically lower than the semiclassical one, especially in stronger inversion region. It reflects the nature of carrier density decreasing effect due to quantum mechanical effects.
In [6] , the authors divided the QME's in inversion layer of MOS structure into two aspects. One is the band gap widening, i.e., the bottom of the lowest subband is higher than the semiclassical band bottom as the interface. The other is carrier concentration repulsing due to the high potential barrier imposed on carrier by the discontinuity of conduction band at Si-SiO 2 interface. The authors of [6] declared that the effect of the latter aspect is about 4/9 of the first one and the whole QME's is modeled as 13/9 of the band gap widening. Based on the above physical analysis, a simple model is proposed in [6] and is wide accepted by other researchers [7] - [9] . However, our rigorous calculation [4] shows that in weak inversion, the model in [6] has large errors and lead to a significant overestimation of threshold voltage shift due to QME's [4] .
Actually, band gap widening is an effect relevant to energy space and carrier concentration repulsing is to real space. Although both of them reflect the same effects of energy quantization, but it has no physical meaning to simply add them together. Furthermore, the band gap widening effect grasps only one of the key aspects of QME's on carrier distribution in quantized inversion layer. The changes of band structure and density-of-states above the lowest subband bottom, namely 2-D effective density-of-states changing effect is also important. The latter effect together with band gap widening effect constitute the whole aspects of QME's in inversion layer of a MOS structure in energy space and provide a new means of modeling QME's [4] . The dashed-dot curve is the semiclassical one, starting at the conduction band edge, increasing continually. The steplike solid line is the quantum mechanical one. The dashed one is the semiclassical 2-D density-of-states taking into consideration the band gap widening effect, referred as DOS_dort.
The semiclassical 2-D density-of-states taking into consideration the band gap widening effect, referred as DOS_dort is also shown in Fig. 1 by the dashed lines. Compared with the quantum mechanical 2-D density-of-states, the semiclassical one with band gap widening effect (DOS_dort) is lower almost in the whole energy range both in threshold region [ Fig. 1(a) ] and in strong inversion region [ Fig. 1(b) ]. In other words, taking the band widening effect alone into account and without considering the change of effective density-of-states, the quantum mechanical correction will exceed the actual whole QME's. Rigorous calculations show that compared with self-consistent solution of Schrodinger and Poisson equations, the model in [6] gives about twice of the actual quantum mechanical correction.
IV. CONCLUSIONS
A new iteration method featured as reversed procedure is developed to calculate the band bending and subband energies in MOS structure inversion layer. The 2-D density-of-states in semiclassical and quantum mechanical cases are calculated and compared, which reveals the nature of carrier density reducing effects due to QME's.
A new scheme contrary to the popular method of QME's modeling is presented and verified by the 2-D density-of-states analysis. In the new scheme, QME's are divided into two aspects. One is band gap widening effect, the other is 2-D density-of-states changing effect.
The new scheme provides a straightforward insight on QME's in MOS structure and a new method to modeling issues.
